The kinetics of simultaneous mineralization of p-nitrophenol (PNP) In addition to enhancing the mineralization of synthetic organic compounds, supplementary substrates may affect the kinetics of biodegradation of organic compounds. Schmidt et al. (13) showed that the kinetics of biodegradation of organic compounds are altered by the presence of compounds that the organism can use simultaneously with the test substrate. When the two substrates are metabolized simultaneously, the degradation of the compound that is present at low concentration is enhanced if the growth of the population is increased by the presence of the other substrate (13). This enhancement of biodegradation has been termed secondary substrate utilization (7).
0.25 ,ug/ml, respectively. The addition of glucose to the media did not enable Pseudomonas sp. to mineralize 10 ng of PNP per ml but did enhance the degradation of higher concentrations of PNP. This enhanced degradation resulted from the simultaneous use of glucose and PNP and the increased rate of growth of Pseudomonas sp. on glucose. The Monod equation and a dual-substrate model fit these data equally well. The dual-substrate model was used to analyze the data because the theoretical assumptions of the Monod equation were not met. Phenol inhibited PNP mineralization and changed the kinetics of PNP mineralization so that the pattern appeared to reflect growth, when in fact growth was not occurring. Thus, the fitting of models to substrate depletion curves may lead to erroneous interpretations of data if the effects of second substrates on population dynamics are not considered.
In natural ecosystems, organic pollutants frequently occur in mixtures with other synthetic as well as natural organic compounds. Therefore, it is important to understand how the biodegradation of a polluting compound is affected by the presence of other compounds. Recent work (4, 12, 13) has shown that the degradation of low concentrations of organic compounds can be stimulated by the addition of readily degraded organic substrates. Such findings may have both practical and ecological significance. In a practical sense, it would be beneficial if these findings could be applied to the operation of waste treatment systems to stimulate the breakdown of synthetic compounds. In this regard, Lapat-Polasko et al. (4) demonstrated that methylene chloride degradation by a Pseudomonas sp. can be enhanced if acetate is supplied to the organism as a supplementary substrate. In an ecological context, many natural environments are carbon-limited, and therefore it would be advantageous for an organism to metabolize a variety of organic compounds that are present at low concentrations.
In addition to enhancing the mineralization of synthetic organic compounds, supplementary substrates may affect the kinetics of biodegradation of organic compounds. Schmidt et al. (13) showed that the kinetics of biodegradation of organic compounds are altered by the presence of compounds that the organism can use simultaneously with the test substrate. When the two substrates are metabolized simultaneously, the degradation of the compound that is present at low concentration is enhanced if the growth of the population is increased by the presence of the other substrate (13) . This enhancement of biodegradation has been termed secondary substrate utilization (7) .
Further work is needed to determine whether the addition of secondary substrates is a feasible way to stimulate biodegradation of synthetic organic molecules. The (15) . This program fits data by minimizing the least squares of the differences between the data and the model curve by using the Marquardt method (1) .
To determine the model that best represents each curve showing substrate disappearance, the residual sums of squares from fits obtained by different models were compared. The model giving the lowest residual sum of squares for a particular data set was deemed the model of best fit if the difference between it and models with fewer parameters was significant at the 95% or higher confidence level when a standard F-test was used (10) . For some curves, two unrelated models with the same number of parameters fit the data equally well. In such cases, the model that was used to fit the data was the one that gave parameter estimates closest to those obtained by independent measurements. In addition, if only one substrate was being used by the bacterium, the Monod family of models (15) was used to analyze the data. For tests in which the organism was using two substrates simultaneously, the models described by Schmidt et al. (13) were used to analyze the data. Growth at low concentrations of PNP. In salts solution with no added carbon source, Pseudomonas sp. grew to a final cell density of 4 x 104 cells per ml, whereas in the presence of 50 and 100 ng of PNP per ml, this organism reached final cell densities of 1 x 105 and 2 x 105/ml, respectively ( Fig. 1) . In a medium with 10 ng of PNP per ml, the final cell density was essentially the same as that obtained in the liquid with no added substrate. Concurrent measurements of the metabolism of 14C-labeled PNP showed that the substrate was mineralized at concentrations of 50 and 100 but not 10 ng/ml ( Fig. 1) . After 3 months of incubation, the number of Pseudomonas sp. only decreased from 4 x 104 to 3 x 104 cells per ml in the presence of 10 ng of PNP per ml, yet the substrate remained unmineralized (data not shown). The mineralization of 50 and 100 ng of PNP per ml stopped before all of the PNP was mineralized. These data, combined with the fact that Pseudomonas sp. was unable to mineralize 10 ng of PNP per ml, suggest the existence of a threshold concentration below which PNP is not mineralized by this organism. The exact threshold was not determined. On the other hand, phenol was mineralized by Pseudomonas sp. at a concentration of 5.0 ng/ml, which was the lowest concentration of phenol tested (data not shown).
Kinetics of PNP mineralization. To determine the halfsaturation constant for growth (Ks), 3 x 105 cells per ml were incubated with various concentrations of PNP. At concentrations of 0.75 and 1.5 ,Lg/ml, the curves of PNP mineralization were sigmoidal in shape, and the model of best fit to each data set was the logistic equation (P = 0.001 and 0.05, respectively) (Table 1) . Thus, these concentrations were too low for a reliable estimate of Ks to be obtained (15) . At a concentration of 6 jig/ml, however, the curve of PNP disappearance was almost completely concave down (Fig. 2) , and the model of best fit to the data was the Monod equation.
From the fit of the Monod equation to these data, the value of K, was estimated to be 1.1 + 0.2 ,ug/ml (Table 2 ). The K, for phenol mineralization by Pseudomonas sp. was determined by incubating 105 cells with 0.5 or 1.5 ,ug of phenol per ml. Under these conditions, the mineralization curves were almost completely concave down (Fig. 2) . The Monod equation provided the curve of best fit to the disap- (Fig. 3A) , and the sugar increased the rate of growth of Pseudomonas sp. (Fig. 3B) . Thus, glucose probably enhances PNP mineralization by stimulating the growth of Pseudomonas sp. Of the models of Schmidt et al. (13) , model IV was the one that gave the best fit to the curve of PNP mineralization in the presence of glucose. The parameter estimates for the degradation of 1 jig of PNP per ml in the presence and absence of glucose are presented in Table 3 .
To verify that PNP and glucose can be used simulta-~5 neously by Pseudomonas sp., 3 x 105 cells were incubated with (i) labeled glucose and unlabeled PNP or (ii) labeled PNP and unlabeled glucose. In both media, the growth of the organism was almost identical, and the two substrates were mineralized simultaneously (Fig. 4) . The curve of PNP mineralization in the presence of glucose was best described by model V (P = 0.01) of Schmidt et al. (13) . This model was formulated for situations such as that depicted in Fig. 4 , in which the organism is growing exponentially while simultaneously mineralizing a substrate which is at a concentration Fig. 5 , however, that an increase in cell number did not occur during the experiment. Therefore, the MichaelisMenten model was used to fit the data. DISCUSSION The inability of Pseudomonas sp. to mineralize PNP at 10 ng/ml may be attributable to the fact that the concentration was too low to meet the maintenance requirements of the organism (12) or to induce the enzymes necessary for uptake or degradation of the substrate (5) . In the presence of high concentrations of a second substrate, Pseudomonas sp. was unable to utilize PNP at concentrations below the threshold, even though these added substrates promoted the growth of the organism. Even glucose, which accelerated the breakdown of high concentrations of PNP, did not enable Pseudomonas sp. to mineralize PNP below the threshold concentration. This suggests that the threshold was not a result of the fact that the concentration of PNP was too low to meet the maintenance energy requirements of the organism, but rather supports the hypothesis that the concentration was too low to induce degradative enzymes. The threshold concentration was compound-specific, moreover, because Pseudomonas sp. was able to mineralize phenol at a concentration of S ng/ml. It is interesting that Pseudomonas sp. also had a higher affinity for phenol than for PNP, as evidenced by the 11-fold lower value of Ks for phenol than for PNP mineralization. These findings support the contention of Martin and MacLeod (6) that categorizing bacteria as oligotrophs or eutrophs is arbitrary and that the categories vary, depending on what compound is used as the test substrate.
The mineralization of organic compounds can be accelerated by the growth of the active population on other substrates (13, 16) , and the kinetics can be described by the models of Schmidt et al. (13) . When second substrates do not significantly influence the growth of the mineralizing population, the Monod family of models adequately describes the kinetics of biodegradation (15) . The half-saturation constant (K, or Km) is a parameter common to both families of models. Ks is the half-saturation constant for growth on the to K., the kinetics of its mineralization should be best described by the Monod equation (15) . At initial PNP concentrations approximately equal to Ks, however, the curves of substrate disappearance were best fit by the logistic equation rather than by the Monod equation. The sets of data that were best fit by the Monod equation were from tests in which the initial PNP levels were approximately six times higher than the estimated K, values for that substrate. In the case of phenol, the initial substrate concentration for the curve that was best fit by the Monod equation son and Tiedje (11) for data that were fit by the Monod equation.
A similar concentration effect seems to apply for models that describe the simultaneous use of two substrates (13) . In the presence of an additional carbon source, the kinetics of mineralization of the substrate at a level close to the Km should be best described by a model that includes the parameter Km (13) . When provided with PNP at a concentration in the vicinity of the Km (1 ,ug/ml) and glucose at a concentration of 20 ,ug/ml, Pseudomonas sp. grew exponentially and mineralized PNP. The model of best fit for PNP mineralization under these circumstances was model IV described by Schmidt et al. (13) (Fig. 4) . Simultaneous use of two substrates by bacteria has been shown to occur when both substrates are present at limiting concentrations in batch cultures (13) or at low dilution rates in chemostat cultures (2) . At high concentrations or dilution rates, diauxic utilization is common, but Pseudomonas sp. used glucose and PNP simultaneously even when both compounds were present at high (nonlimiting) concentrations. Reber and Kaiser (9) also have demonstrated the simultaneous use of high concentrations of glucose and aromatic compounds by Pseudomonas putida growing in batch cultures.
The curve depicting mineralization of 3 ,ug of PNP in the presence of glucose (Fig. 4 ) was fit by model V described by Schmidt et al. (13) . Model V should apply when the active population is growing exponentially while simultaneously mineralizing a second compound present at a concentration near the Km. It was not possible statistically to determine whether model V or the Monod model, which also provided a good fit to these data, best represents the data; however, based on the theory underlying the models and an examination of the growth curves (Fig. 4) , a distinction between the two models can be made. Implicit in the Monod equation is the assumption that only the substrate being measured contributes substantially to the growth of the population. This condition was not met in this experiment because the concentration of glucose was high enough to stimulate the growth of the population metabolizing PNP. Thus, the use of the Monod equation in this instance is unjustified, even though it and model V fit the data equally well.
The applicability of model V to these data can be further tested by comparing the model predictions for some of the parameters of model V with values for these same parameters obtained by independent means. Thus, an estimate of the growth rate of 0.27 h 1 was obtained by running a linear regression (correlation coefficient, r = 0.97) on the data for growth of the bacterium in a medium with 3 ,ug of PNP and 10 ,ug of glucose per ml. This estimate is a little higher than the growth rate estimated by model V (pLmax = 0.23 + 0.02 h-1). In addition, a value for Km of 0.4 0.2 ,ug/ml was estimated by model V from these data. This compares quite favorably with the estimate of 0.7 ± 0.01 ,ug/ml obtained from the experiment involving nongrowing cells, but it is much lower than the estimate of Ks for growing cells that were using PNP as their sole substrate (1.1 + 0.2 p.g/ml). The slight discrepancy between the parameter estimates from model V and those obtained by independent means may indicate that glucose influences the kinetics of PNP utilization in ways not accounted for by the model, for example, by lowering the Km for PNP mineralization.
Glucose did not have a detectable effect on PNP mineralization at high cell densities (3 x 107 cells per ml), possibly because the cells were not growing and because the PNP was mineralized very rapidly by the large numbers of bacteria. This is a further indication that the stimulatory effect of glucose on PNP mineralization, described above, results from the increased rate of growth of the PNP-mineralizing population when it is also metabolizing glucose.
The Michaelis-Menten equation best described the mineralization of PNP by nongrowing cells in the presence or absence of glucose. The similarity in the parameter estimates for PNP mineralization in the presence and absence of glucose further indicates that glucose does not affect PNP mineralization, except when glucose stimulates the growth of the metabolizing population. Phenol, however, had a marked influence on the kinetics of PNP mineralization by nongrowing cells. The curve of PNP mineralization in the presence of 100 ,ug of phenol per ml was best fit by the logistic equation, which implies that growth occurred. It is evident from the results presented in Fig. 5 , however, that no growth occurred during the experiment, and therefore, the Michaelis-Menten model was used to fit the data. On the other hand, phenol caused a threefold decrease in the rate constant (ko) and a twofold increase in the value of Km for PNP mineralization by nongrowing cells, possibly because phenol interferes with the uptake or mineralization of PNP. Thus, while the curve of substrate disappearance was sigmoidal, as would be expected of a curve reflecting population growth, no increase in cell number was evident.
This study demonstrates the effects of both a stimulatory substrate (glucose) and an inhibitory substrate (phenol) on the kinetics of PNP mineralization by Pseudomonas sp. The shapes of the curves describing biodegradation of a substrate can change markedly in response to a second substrate, and the correct interpretation of such curves is dependent on knowledge of whether the metabolizing population is growing. Knowledge gained from such studies should aid in the interpretation of kinetic data from natural ecosystems as well as in finding means by which to enhance the degradation of organic toxicants at waste disposal sites.
